Abstract
Introduction

36
Coccolithophores are unicellular photosynthetic and calcifying organisms that play a key role in the global 37 carbon cycle (Paasche, 2001; Winter and Siesser, 1994) . Through photosynthesis they participate to the 38 upper ocean carbon pump (CO 2 sink), while via calcification they participate to the carbonate counter-39 pump (CO 2 source) (Paasche, 2001 ; Westbroek et al., 1993) . The relative importance of calcification and 40 photosynthesis dictates the effect coccolithophores have on ocean-atmosphere CO 2 fluxes (Shutler et al., 41 2013) . Environmental conditions such as temperature, irradiance, nutrient concentrations and pCO 2 exert a 42 primary control on the calcification/photosynthesis ratio (PIC:POC); and also affect coccolithophore 43 biogeography via their influence on cellular growth rates. Together, these effects modulate the impact of 44 coccolithophores on ocean-atmosphere CO 2 fluxes. 45
Despite the fact that certain coccolithophores have been fairly extensively studied in the laboratory 46 in the deep BIOSOPE coccolithophore niche and we chose not to run experiments at irradiance levels lower 122 than this to avoid very long experimental runs. Nutrient concentrations at the beginning of batch 123 experiments were 100 µM and 2.5-5.1 µM for nitrate and 6.25 and 0.45-0.55 µM for phosphate in nutrient-124 replete and nutrient-limited conditions, respectively. For each irradiance level, three experiments were 125 carried out (in triplicate): control (nutrient-replete), phosphate limited (P-limited) and nitrate limited (N-126 limited) conditions. 127
Cell enumeration and growth rate 128
The growth of batch cultures was followed by conducting cell counts every day or every other day using a 129
BDFacs Canto II Flowcytometer. Experiments were stopped before the cell density reached ca. 1.5*10 5 130 cells.mL -1 in order to minimize shifts in the dissolved inorganic carbon (DIC) system. Cultures remained in 131 the exponential growth phase throughout the duration of the control (nutrient-replete) experiments. In 132 these control cultures, the growth rate (µ) was obtained by conducting a linear regression of the cell 133 density data on the logarithmic scale. Nutrient-limited experiments were allowed to run until growth 134 stopped. The growth rate in nutrient limited conditions decreases in time as nutrients are depleted and it is 135 therefore not possible to calculate growth rate by means of regression analysis (Langer et al., 2013 Samples were taken at the end of the experiments to acquire images of cells using an optical microscope 140 (x100, oil immersion, Olympus BX51 microscope). The internal cell diameter of 100 cells was measured for 141 each experimental culture using the ImageJ software (http://rsbweb.nih.gov/ij/). Images of coccospheres 142 and coccoliths were obtained with scanning electron microscopy (SEM). For SEM observations, samples 143 were filtered onto 1.2 µm polycarbonate filters (Millipore), rinsed with a basic solution (180 µL of ammomia 144 solution 25 % in a liter of MilliQ water) and dried at 55°C for 1 h. After mounting on an aluminum stub, they 145
were coated with gold-palladium and images were taken with a Phenom G2 pro desktop Scanning Electron 146
Microscope. For each experimental culture 100 coccospheres were measured using ImageJ. Three hundred 147 coccoliths per sample were measured using a script ) that is compatible with ImageJ in 148 order to measure the distal shield length (DSL) and coccolith width. 149
Dissolved inorganic carbon (DIC) and nutrient analyses 150
Subsamples for pH T (pH on the total scale), DIC and nutrient analyses were taken from culture media at the 151 beginning and at the end of each experiment. The pH was measured with a pHmeter-potentiometer 152 pHenomenal pH1000L with a Ross ultra combination pH electrode on the total scale and was calibrated 153 with a TRIS buffer. Samples for the determination of DIC were filtered through pre-combusted glass-fibre 154 filters (Whatman GF/F) into acid-washed glass bottles and poisoned with mercuric chloride. Bottles were 155 stored at 4°C prior to analysis. A LICOR7000 CO2/H2O gas analyzer was used for the DIC analysis (precision ± 156 2 µmol.kg -1 ). A culture aliquot (100 mL) was filtered onto pre-combusted glass-fibre filters (Whatman GF/F) 157 and then stored at -20°C in a polyethylene flask until nutrient analysis. Nitrate and phosphate 158 concentrations were measured using a CHN Auto analyzer Seal Analytical AAIII (detection limits were 0.003 159 µM for PO 4 and 0.01 µM for NO 3 ). 160
POC, PON, PIC, POP 161
For particulate organic carbon (POC), particulate organic nitrogen (PON), particulate inorganic carbon (PIC) 162 and particulate organic phosphorus (POP) analyses, samples (200 or 250mL) were filtered onto pre-163 combusted (4 h at 450°C) glass-fibre filters (Whatman GF/F) and preserved at -20°C. POC and PON were 164 measured on the same filter that was dried overnight at 50°C after being placed in a fuming hydrochloric 165 acid dessicator for 2 h to remove coccolith calcite. POC and PON were analyzed using a NC Analyzer Flash 166 EA 1112. PIC was obtained using a 7500cx Agilent ICP-MS by analyzing the calcium concentration on the 167 glass-fibre filter (Whatman GF/F) extracted by a solution of hydrochloric acid. POP was determined as the 168 difference between the total particulate phosphorus and the particulate inorganic phosphorus, analyzed 169 according to the method of Labry et al. (2013 ) (measured in experiments) and the C/N ratio obtained by the Redfield 193 ratio (Redfield, 1963) . ) (Aloisi, 2015) . 205
The phytoplankton growth rate  (in d The time-dependent cell density, limiting nutrient concentration and cellular particulate organic nitrogen 248 and phosphorus calculated by the models were fitted to the same quantities measured in the experiments. 249
For our experiments there were only two nutrient data points, one at the beginning and one at the end of 250 the experiments. We artificially inserted a third nutrient-quota data point at the end of the exponential 251 growth phase, setting it equal to the nutrient quota at the beginning of the experiment. In this way the 252 model is forced to keep the nutrient quota unchanged during the exponential growth phase. This is a 253 reasonable assumption, as cellular nutrient quotas should start to be affected only when nutrient 254 conditions become limiting. 255
The quality of the model fit to the experimental data was evaluated with a cost function. For a given model 256 run, the total cost function was calculated as follows: 257
where n is the number of data points available and ΔX i is the difference between the data and the model 259 for the i th data point: 260
where X i is the data or model value for the considered variable (cell density, limiting nutrient concentration Table 2 ). Changes in the POP:POC ratio ( Fig.  293 4Figure 4B, Table 2 ) were harder to discern due to a large error bar in high light and nutrient-replete 294 conditions. Notwithstanding, POP:POC was lower in P-limited experiments compared to nutrient-replete 295 experiments. The PIC:POC ratio increased with both N-and P-limitation ( (Table 3) . For example, the coccosphere volume in high light was 260 ± 88 µm 3 for the P-313 limited experiment, whereas it was 109 ± 23 µm 3 for the control experiment and 139 ± 41 µm 3 for the N-314 limited experiment. There was no measurement of coccosphere volume and DSL in the low light control 315 culture because of a lack of cells on the filters. However, the coccosphere volume for P-limited in low light 316 conditions followed the same trend as the cell size, a decrease with lower light. Figure 5B The thickness of the coccolith layer, calculated by subtracting the cell diameter from the coccosphere 321 diameter and dividing by two, was higher for P-limited cultures in both light conditions: 1.294 ± 0.099 µm 322 for high light and 1.02 ± 0.043 µm for low light compared with the other cultures which were between 0.66 323 and 1 µm. This observation is consistent with the high PIC quota and relatively large size of coccospheres 324 and coccoliths of E. huxleyi under P-limitation. 325 326
Modelling results
328
We applied the modelling approach to both the data from our batch culture experiments with strain 329 RCC911 and to the batch culture data of Langer et al. (2013) considerably (data not shown). Consequently, we decided to recalculate Q N min using the initial 338 concentration of dissolved N and the final cell density in the reactor (column "Calculation"in Table 4 The Droop model was able to accurately reproduce both experimental data sets (Fig. 7 to 11 ), whereas the 345 Monod model was not able to reproduce the rise in cell number after the limiting nutrient had been 346 exhausted (Fig. 7) . The modelling approach allows evaluation of the evolution of experimental variables 347 that are complicated to determine analytically ( Fig. 7 to 11 true for the maximum surface nutrient-uptake rate V max (except for our P-limited low light experiment). The 361 dimensionless parameters KQ N and KQ P were comparable between the two studies (for high light 362 conditions) and in both cases KQ P was higher than KQ N . Maximum growth rates in high light conditions 363 were similar for both N-limited and P-limited experiments. As expected, the maximum growth rate for our 364 low light cultures was considerably lower. 365
To test the reliability of the model to obtain estimates of the physiological parameters, we forced the 366 model to run with a range of values for a given parameter, while letting the other three parameters vary 367 over a wide range, obtaining plots of the value of the cost function (Eq. 9) as a function of the value of the 368 imposed parameter. The process was repeated separately for the four unknown parameters (Fig. 12) shows 369 Table 4 . This shows that the model is well suited to find a best-fit value of 372 these parameters. Three minima of the cost function were found for K N/P (Fig. 12) of which only the lowest 373 was consistent with values reported in the literature (Riegman et al., 2000) . This value was chosen to obtain 374 the best-fit of the model to the experimental data. 375 of growth occurred in our low nutrient experiments. The stationary phase was not attained in the 396 phosphate-limited low light culture, but the very low POP quota (and POP: POC ratio) and increased cell 397 size indicate that P-limitation was starting to significantly affect cellular physiology, showed as well by the 398 decrease in growth rate between the nutrient-replete conditions in low light and this experiment. 399
Discussion
400
In nutrient-replete conditions, low light had no effect on POC quota (Fig. 3 ) and cell size (Fig. 5) within the 401 limit of uncertainty of measurements. In same nutrient condition, low light did however cause a decrease in 402 PIC quota (and therefore a decrease in the PIC:POC ratio). Although the same observation will be done for 403 nutrient-limited conditions in low light in the following paragraphs, the quota for nutrient-replete 404 that the response of the PIC:POC ratio to P-limitation is strain-specific in E. huxleyi. The increase in PIC:POC 441 in E. huxleyi is often greater for decreasing phosphate than for decreasing nitrate (Zondervan, 2007) , as was 442 the case in our high light experiment, but in low light the PIC:POC ratio was higher under N-limitation, again 443 highlighting that co-limitation can have unexpected physiological consequences. 444
445
The PIC:POC ratio decreased with light limitation in nutrient replete and nutrient limited conditions in our 446 experiment (Fig. 4) . In a review of environmental effects on coccolithophore calcification, Zondervan (2007) 447 stated that due to the lower saturation irradiance for calcification than photosynthesis in E. huxleyi, the 448 ratio of calcification to photosynthetic C fixation increases with decreasing light intensities. However, due 449 to a more rapid decline of calcification relative to photosynthesis this ratio decreases again under strongly 450 to reproduce the rise in cell number after the limiting nutrient had been exhausted (Fig. 7) . This shows that, 494 as for several other phytoplankton groups (Lomas and Glibert, 2000) , E. huxleyi has the ability to store 495 nutrients internally to continue growth to some extent when external nutrient levels become very low. In 496 our experiments and those of Langer et al. (2013) , cells grew on their internal nutrient reserves and 497 managed two to three cell divisions in the absence of external nutrients. 498
499
Numerous studies have estimated the maximum nutrient uptake rate V max and the half-saturation constant 500 for nutrient uptake K N/P , especially for nitrate uptake, for a variety of phytoplankton species. The values 501 obtained in our study for K N for high light E. huxleyi cultures (Table 4) .d -1 which is between the V maxN found for PML B92/11 and for RCC911 (Table 4) . 505
When comparing physiological parameters between phytoplankton taxa, the scaling of physiological 506 parameters with cell size has to be taken into account (Marañón et al., 2013) . 507 Marañón et al. (2013) plotted Q min and µ max against cell size (see Fig. 13A for Q min versus cell size) for 508 different phytoplankton species. In these plots coccolithophores fall with the smallest diatoms. Figure 13B (Fig. 14) . This correlation 516 defines a physiological trade-off between the capacity to assimilate nutrients efficiently (high V max ) and thus 517 grow rapidly, and the capacity to assimilate nutrients in low-nutrient environments (low K N/P ) and thus 518 thrive in oligotrophic conditions. This analysis shows that large phytoplankton like diatoms and 519 dinoflagellates have high maximum nitrate uptake rates and high half-saturation constant for nitrate 520 E. huxleyi maximum uptake rate and half-saturation constant for nitrate uptake were found to be low 523 compared to the other groups and their maximum growth rate is amongst the highest which means that it 524 will be more abundant in low nitrate waters compared to diatoms and dinoflagellates (Litchman et al., 525 2007 ). According to Gregg and Casey (2007) , there is a high affinity of coccolithophores for low nutrient and 526 low light environments, whereas in high nutrient and high light environments, coccolithophores will be 527 disadvantaged compared to diatoms and cyanobacteria because of their high growth rate and higher 528 sinking rate, respectively. The ideal conditions for an optimal abundance of coccolithophores will be low 529 nutrient and low light areas with a parallel inhibition of the growth of diatoms and chlorophytes, but with 530 vertical mixing strong enough to avoid the sinking of cells (Gregg and Casey, 2007) . The depth-distribution of the modelled E. huxleyi growth rate, and of dissolved nitrogen, light intensity, 565 chlorophyll a concentration and coccolithophore abundance supports the inferred light-nitrate co-566 limitation (Fig. 16) . We used the physiological parameters constrained in our experiments together with a 567 steady state assumption for uptake and assimilation of nitrate (see appendix) to obtain the vertical profile 568 of E. huxleyi growth rate at the GYR station (Fig. 16 ). This calculation, forced by the irradiance and nitrate 569 data at the GYR station, shows that E. huxleyi growth rate is maximal at the depth of the maximum 570 chlorophyll a concentration. The half-saturation constant for nitrate uptake K N constrained with the Droop 571
) lies within the deep niche (Fig. 16) . The maximum growth rate at the GYR station 572 part of the ocean have been observed through in situ measurements by Fernández et al. (1993) and these 592 predictions could easily be verified in future expeditions to coccolithophore-bearing DCM zones. 593 Klaas and Archer (2002) reported that calcium carbonate is mainly exported by coccolithophores to the 594 deep sea and that the rain of organic carbon is mostly conducted by calcium carbonate because of its 595 higher density than opal and higher abundance than terrigenous material. Then a decrease of PIC quota by 596 low irradiance will decrease the calcium carbonate rain to the sediments related to E. huxleyi. However, the 597 cellular PIC quota is maybe decreasing but the PIC total increase in the deep niche compared to the upper 598 and deeper water column. In this context the effect on rain ratio, therefore on carbon pump and carbonate 599 counter-pump, needs to be integrated over the whole photic zone and considering the whole particulate 600 organic and inorganic matter. 601 
Concluding remarks
Thus, the growth rate can be express depending of the irradiance (and KIrr; see Sect. 2. 
